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International Immunology, Vol. 4. No. 11. pp. !201 - 1210 ' 7992 Cxford Un vers,'y Press

The protein tyrosine kinase inhibitor
herbimycin A, but not genistein, specifically
inhibits signal transduction by the T cell
antigen receptor

Martha Graber, Carl H. June', Lawrence E. Samelson', and Arthur Weiss

Departments of Medicine, Microbiology and Immunology, and the Howard Hughes Medical Insttute,
University of California, San Francisco, CA 94143, USA
'Immune Cell Biology Program, Naval Medical Research Center, Bethesda, MD 20814, USA2Cell Biology and Metabolism Branch, National Institute cf Child Health and Human Development, National
Institutes of Health, Bethesda, MD 20892, USA
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Abstract

Several lines of evidence implicate a regulatory tyrosine phosphorylation in the activation of
phospholipase C (PLC) by the T cell antigen receptor (TCR). These include studies using
inhibitors of protein tyrosine kinases (PTKs). In Jurkat T cells expressing the heterologous
human muscarinic receptor (HM1), PLC activity can be induced by either the TCR or HM1. HM1
activates PLC via a guanine nucleotide binding protein. We have studied the selectivity of the
effects of the PTK inhibitors, herbimycin A and genistein, in this system. The results indicate
that these inhibitors have different mechanisms of action, and suggest that herbimycin A, but not
genistein, is a specific inhibitor of PTKs in T cells. Herbimycin A markedly inhibited both the
resting and induced levels of phosphotyrosine-containing proteins, including the -ý1 isozyme of
PLC and the " chain of the TCR, and prevented activation of PLC by anti-TCR mAb. Herbimycin
A did not inhibit activation of PLC by HM1. Genistein had a much less pronounced effect than
herbimycin A on the appearance of tyrosine phosphoproteins. Moreover, genistein inhibited
activation of PLC by both the TCR and HM1, and inhibition was only partial. Genistein was
cytotoxic and markedly inhibited protein synthesis in both Jurkat cells and human peripheral
lymphocytes. Herbimycin A was not cytotoxic. These findings confirm the role of a regulatory
tyrosine phosphorylation in activation of PLC by the TCR. Herbimycin A was a selective inhibitor
of a subclass of PTKs in Jurkat cells. In contrast, inhibition of signal transduction and later
events in T cells by genistein may be due to effects other than direct inhibition of PTK activity.

Introduction

The TCR is a multimeric transmembrane structure which does (11,12). Aclivation of PLC-yI leads to the hydrolysis of
not have intrinsic protein tyrosine kinase (PTK) activity (1). phosphatidylinositol 4,5-bis-phosphate (PIP 2) to inositol 1,4,5-tris-
Engagement of the TCR initiates activation of a PTK, or cascade phosphate (tP-) and diacylglycerol, resulting in an increase in
of PTKs, which have not definitively been identified, but may intracellular free calcium ([Ca 2

],j) and the activation of protein
include the src-related PTKs Ick (2), which associates w-th the kinase C (PKC) respeci;vely (13).
T cell surface molecules CD4 and CD8 (3,4), and fyn (5), which Several lines of evidence implicate a regulatory role for tyrosine
co-immunoprecipitates with the TCR (6). One consequence of phosphorylation in activation of PLC by the TCR, and in the
PTK activation by the TCR is tyrosine phosphorylation, and thus subsequent expression of T cell surface molecules and IL-2
activation,-of the -y1 isozyme of phospholipase C (PLC-yI) (7 - 9). (9,14 - 23). The appearance of new tyrosine phosphoproteins
A number of other inlracellular substrates, including the r chain in response to TCR stimulation precedes measurable hydrolysis
of the TCR (TCRr) and the prolo-oncogene vav (10), are rapidly of PIP 2 (15). In addition, PLC-yI the principal PLC activity
tyrosine phosphorylated following ligand binding to the TCR contained in immunoprecipitated tyrosine phosphoproteins from
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i202 Inhibitors of TCR signal transduction

Jurkat cells after TCR stimulation, is catalytically activated by the kind gift of Dr E. Uehara. Herbimycin A and geni4;ein w;.-re
tyrosine phosphorylation by growth factor receptors (24,25), and dissolved in DMSO. Genistein is poorly soluble in aqueous;
is tyrosine-phosphorylated following TCR stimulation in Jurkat solutions, even when previously dissolved in DMSO. Care wavs
cells and in normal T cells (9). taken in all experiments to insure that gonisiein was ds.A'!ved

"Further evidence for a requirement for regulatory tyrosine completely. DMSO alone, at appropriate concentration, which
"phosphorylation in activation of PLC by the TCR comes from did not exceed 1%, was included in all controls. Addtiorinl
studies of the effects of inhibitors of protein tyrosine phosphoryla- reagents were purchased as follows; ionomycin (Calbiochern
tion (16,18- 22). These include the benzoquininoid ansamycin La Jolla, CA), indo-1 from (Molecular Probes Eugere, OR),
antibiotic herbimycin A (16) and the isoflavone genistein carbomoyl choline chloride (carbachol), and atropirne sullale
(18,20,22). Hcrbirnycin A is an in vivo inhibitor of src-related PTKs, (Sigma).
which acts by depleting the intracellular level of enzyme (26,27).
In T cells, herbimycin A reduces the immunoprecipitated activity Antibodies
of the src-related PTKs Ick and fyrn by > 900/b (16). Genistein is The following mouse mAbs were used in these studies. C305
an in vitro PTK inhibitor, which may act by non-competitive (IgM) reacts with the Jurkat TCR (36). The arti-TCRr mAbs 388
inhibition of ATP hydrolysis (28). and 391 were the kind gifts of Dr Richard Klausner. Anti-PLC-,I,

To examine the specificity of these PTK inhibitors in T cel!s, a pool of mAbs, was the kind gift of Dr Sue Goo Rhee (7). 4G10
we have investigated their effects on signal transduction in Jurkat reacts with phosphotyrosine (37). Goat anti-mouse IgM was
cells transfected with the human muscarinic receptor type 1 purchased from Zymed (San Fraicisco, CA).
(HM1) (29), which is normally expressed in neuronal and muscle
cells (30). This seven transmembrane-domain receptor activates Measurement of the affinity of the HM 1 receptor for muscarintc
an isozyme of PLC in a PTK-independent manner, by direct agonist in J-HM1-2.2 cells
in.eraction with a guanine nucleotide binding protein (G protein) J-HM1-2.2 cells werd disrupted by nitrogen cavitation in the
(30-34). In this report we show that HM1 maintains its functional following buffer: 20 mM HEPES, pH 8, 4 mM MgCI2 , 1 mM
interaction with a G protein when expressed heterologously in EDTA, 2 mM 2-mercaptoethanol, and 0.15 M NaCI. A membrane
Jurkat cells. In this system, herbimycin A was an effective inhibitor fraction was prepared in the following butter (membrane buffer):
of TCR-initiated PTK and PLC activities, but did not inhibit 20 mM HEPES. pH 8.0, 4 mM MgCI2, 1 mM EDTA, and 2 mM
activation of PLC by HM1. Inhibition of TCR, but not of HM1, 2-mercaploethanol, by sequential centrifugation at 2000 and
activation of PLC by herbimycin A provides confirmatory 15,000 r.p.m., then homogenized and re-centrifuged at 15,000
evidence that a regulatory tyrosine phosphorylation, involving r.p.m. Membranes were washed extensively in membrane buffer
a member of the src family of PTKs, is required for activation and stored at -701C in the following buffer: 20 rnM HEPES.
of PLC-yl by the TCR. As previously reported (18), genistein also pH 8, 2 mM MgCI2, 1 mM EDTA, and 10% glycerol. Triplicate
inhibited activation of PLC by the TCR. However, genistein was or quadruplicate samples of 10-30 pg membrane protein/ml
a relatively poor inhibitor of in vivo PTK activity in these cells and were incubated in membrane buffer with the muscarinic
also inhibited PLC activation by HM1. Genistein was cytotoxic, antagonist 1-quinuclidinyl-[phenyl-4-:H]benzilide ([3H]QNB)
and inhibited protein synthesis in Jurkat cells, human peripheral (Amersham, Arlington Heights, IL), 0.1 nM, a concentration
lymphocytes, and lectin-activated blasts. Herbimycin A was not previously shown to be saturating. The indicated concentralions
cylotoxic and did not inhibit protein synthesis in Jurkat cells. of carbachol were added, and samples equilibrated at 371C for
Taken together, these results suggest that inhibition of signal 30 min, then transferred to Whatman GF/B glass fiber filters
transduction and later events in T cells by genistein may be due (Whatman, Maidstone, UK). Filters were washed extensively at
to effects other than direct inhibition of PTK activity. 40C with 5 mM Tris, pH 7.4. and 4 mM MgCl2, placed in

scintillation fluid, and -H counted. Non-specific binding was
estimated by incubation with 10 AM atropine and was < 10%

Methods in all experiments. The results are expressed as percentage
inhibition of maximum binding.

Cells and reagents

Jurkat cells were maintained in RPMI 1640 medium, supple- Western blots of whole cell lysates and immunoprecipitation of
mented with 5% FCS, 5000 UlrnI penicillin, 5 mg/ml streptomycin, PLCy1 and TCRt
and 200 mM glutamine (medium). The Jurkat-derived. clone J-HM1-2.2 cells were incubated with the 3puM herbimycin A or
J-HM1-2.2 (29) expresses a functional transfecled HM1. medium alone for 18 h,":1uspended at 108 cells/mI, and
J-HM1-2.2 cells were maintained in medium with 2 mg/ml stimulated for 90 s with 1:1000 C305 ascites or 500pM carbachol.
geneticin (Gibco, Grand Island, NY), and transferred to geneticin- Where indicated,.0.4 mM genistein was added 10 min before
free medium 48 h before experiments to prevent arninoglycoside- stimuli and was present throughout. Samples were lysed in ice-
mediated inhibition of phosphoinositide hydrolysis (35). Human cold 1 o%'0 NP.40 with pthosphatase and protease inhibitors (38)
peripheral lymphocytes were isolated by separation on a ficoll- PLC,1 and. TCRr.. were. immunoprecipitated with protein

S hypaque discontinuous gradient (Histopaque. 1077, Sigma, A-Sepharose beads coated with the appropriate mAb.
S St Louis. MO), and adherent' cells were deple~ted bI ihcubation Phosph'o'tyrosine-containing. proteins were. resolved by
0 on plastic tissue culture disles. Activated lymphocyte blasts were -SDS - PAGE-under reducing conditions, transferred to nitro-,._ prepared. by.incubating, these. cells with 0.1 uglmI phyto- ... cellulose, and detected with the mAb 4G 10. 4G10 was .lted

La hemaggtinin (PHAi Sigma)in"edidi'fi i 48-- 72 h 'G13ist6 n 'with eitfibr alkalin& pholphlaiaieiconjugated goat anti-mouse IgG
Swa -puhrc f ICN .(Cleveland, O. Herbimyci Awas. (Bio.Rad, RGchmond; CA),- or- with. I-,conjugated protein. A

Z ~ l !T1R.40



Inhibitors of TCR signal transduction 1203

(Amersham). [12 5l]protein A was quantitated by phosphorimager [VýS]meth onine (ICN, Irvine, CA), 1.0 pCi/sample, was added.
analysis (Molecular Dynamics, Sunnyvale, CA), using Where indicated, genisten w-,as added 10 min before
Image~uant software. [35S]methionine. Cells %,,,ere lysed by three alternate 5 min

immersions in dry ice/ethanol and 70CC baths. Total cellular
Phosphoinositide assavs proteins was precipitated by the addition of 100 i1 1£/0 bovIne
J-HM 1-2.2 cells were loaded with myo-[ýH]inositol (Amersham) serum albumin and 600 #! 40C/o trichioroacetic acid. Pellets 'e

as previously described (39) and incubated for 18 h at 5 x 1 06 washed in 10%O/ trich!oroacetlc acid, and the incorport cn uf
cells/ml with the indicated concentration of herbimycin A or radiolabe!led amino acics in total protein estrmated. For each
medium alone. Trip'icate samples of 106 cells were incubated experiment, [' 5S]methionine was added to an additional set of
for 20 min in 20 mM LiCI2 and resuspended in 10 mM LiCl2 at samples after lysis. Non-specific counts were < 10% of
4 x 106 cells/ml. Where indicated, genistein was added at the experimental counts and were subtracted from each point.
indicated concentration 10 min before stimulation and was
present throughout. Samples stimulated with mAb were
precoated at 41C with 1:1000 C305 ascites, a concentration Results
previously shown to be saturating. Carbachol (500 1,M) was
added where indicated, and the cells centrifuged onto cu'ture HM1 interacts d.rectl'y w,:h a G prcte..n ihen tra.sfcted .,to

dishes coated with goat anti-mouse IgM (Zymed) and warmed Jurkat ce//s

to 371C. After 30 min, reactions were stopped and cells were In its normal cellular envircnment, the seen transmembrane
lysed by three alternate 5 min immerslons in dry ice/ethanol and domaIn HM 1 activates PLC by dIrect interactlIon wvth a G proten
700C bath. Total soluble inositol phosphates were extracted by (30,33). In order to investigate the mechan;sm of PLC actvat~on
ion exchange chromatography as prev:ous!y described (39). by HM1i when transtected into the Jurkat cell line. we prepared

membranes from J-HM1-2.2 celis and assayed 'or displacement
Determination of [Ca ], of the muscarinic antagonist [-H]QNB by the muscarirnc
Cells were incubated for 18 h with 3puM herb~iycin A or medium agonist, carbachol. Membranes w,,ere washed free of cuanine
alone, loaded w.th the Ca 2 *-sensitive fluor indo-1 (40), washed, nucleotide. Under these conditions the G prctein ac subun:t is not
nnd re-suspended at 5 x 106 ce!lsiml. Indo-1 fluorescence was occupied by guanine nuclectide and the receptor which is
measured in a Spex fluorolog II spectotiuorimeter (Spex, Trenton, associated with G protein is in the high atfin ty state for I gand.
NJ). The fluorimeter was calibrated for each determination by When guanine nuc!eotide Is added it binds to the G prcte;n a
complete lysis with Trilon-X 100, fol:o,,,-ed by chelation of Ca 2 ÷ subunit, converting the G p-otein - receptor complex to the low
with EGTA. Increases in [Ca 2 *1, were calculated by the ratio affinity state for I;ganid. This effect is independent of the species
method of Grynkeiwicz et al. (40). The effects of genistein on of guanine nucleotide used (-2). The decrease in affinity is
indo-1 fluorescence could not be assessed by this fluor'metric measured as a shift in the dose-response curve 'or the
method because solutions of genistein have substantial peaks displacement of the antagonIst [VH]ONB by the agonist
of absorbance and of emission coinciding with those of indo-1; carbachol. As shown in Fig. 1. the addition of GTP to J-HM1-2.2
220-440 and 450-480 respectively (data not shown). In order membranes reduced the affinity of HM1 for carbachol, confirming
to test the effects of genistein on [Ca2* ,, flow cytometry was
used to estimate [Ca 2 j], in individual cells (41). The results were
analyzed for the percentage of responding cells, as determined
with a histogram subtraction algorithm (Phoenix Flow Systems, l00.

San Diego, CA) (16).

Assays of cell growth 80-

Assays to determine the effects of herbimycin A and genistein
7- 60on the growth of Jurkat cells were carried out as follows. Cells -

were pre-incubated overnight with herbimycin A at the indicated "
concentration or medium alone. Cells were then suspended at -0 40-
108 cells/ml in the indicated concentration of. herbimycin A or "
genistein and cultured for 24 h. Cells were counted and viability B
determined by trypan blue exclusion.

Measurement of protein synthesis: incorporation of a

[3SlSmethionine into total cellular protein .3.5 2.5.

These assays were carried out in conditions which paralleled Log Dose Carbachol M)

those used in signal transduction assays. J-HM1-2.2 cells, human
peripheral lymphocytes or PHA-stimulated blasts were in- i'hat d Fig. 1. E,.eý. uf GT. on the alfinity of HM 1 foi the musc?'inc anot-irs!
for 18 t with the indicated concentration of herbimycin A or carbachol. Aliquots o0 the membrane traction prepared from J-1HM1-2.2

medium alone. Duplicate samples of 5 x 106 cells per condition cells were incubated with a saturating concentration of 13 H]QNB and
varying amounts of carbachol, in the presence of (C) or absence (U)

were washed twice in PBS, resuspended in cysteine/methionine- of 300 jM GTP. The fraction of 3 H counts bound to the membranes is
free medium, incubated for 30 min at 371°C, washed in PBS, and expressed as the percentage of maximum. Each point is the mean of
resuspended in cysleine/methonine-free medium, 107 cells/ml. three determinations. A representative experiment is shown (n= 5).

-. ......-._ ":•• .:.. "- * " """ -' '"



1204 Inhibitors of TCR signal transduction

that direct interaction of HM1 with a G protein s maintained when the TCR and HM,/1, we probed Western blots of %,.hole cell lysates
this receptor is expressed in Jurkat cells. Based on this evidence, of unstimulaled or strnulated J-HtV, 1-2 2 cetls, untreated or treated
and the fact that HM 1 functions normally both in Juirkat cells w.hich with inhibitor, witih th~e artijphosphotyrosine mAb 4G 10. As
do not express the TOR and in TCR signalling mutants of Jurkat previously reporlted (12), stimulation of un:reated cells wit;1h
(29), we conclude that the TCR and HIM regulate PLC activ.:y anti-TCR mAb induced the rapid appearance of a number of new'
by independent mechanisms in J.HMI-2.2 cells. We used 'the phosphotyrosine-containing '~oersand an increase in ',h.e
transtected HM1 as a specificily control for poss~ble non-PTK- intensity of others (Fig. 2a-). Carbachol induced ine appearance
dependent inhibition of PLC by the PTI( inh~biors in the fo:;cownr-g of a tyrosine phosphoprolein of 42 k~a (lane 3). We believe this
experiments. to be microtubule-associated proleini-2 kinase (M,/AP-2 kinase),

Herimyin an geistin nvediferntil efecs o th leel the appearance of wh ich requires phosphorviltion on hothof bascnAl and stimultedn phospotyfrsne-cntainn efecsonteinsve ty'rosine and 4threonine residues (43,44). A lyros ne-phosphory-
of asa an stmu~ledphophoyroI s,-,-co,,1~r)ng roens lated band of similar mobility is induced by PMA in Jurkaf or

To assess the effects of the in vitro PTK irhibtiors herbimnycin A J-HM1-2.2 cells (38). In addition, in TCR signa~llng mutant variants
and genistein on the induction of tyrosine phosphoprcte ris by of Jurkat (36), the tyros'ne phosphorylation of p42 correlates wt

A 1 2 3 4 5 6 7 8 9 10 1112

110- - -

84- 84- : ~ - . -.-

nw -is -

33 - 33-

24- 24-

16-
0 0305 CARB. 0 C305 CARB. 0 0305 CARB. 0 0305 CARB.

UNTREATED HERBIMYCIN A UNTREATED GENISTEfN

B UNTREATED HERBIMYCIN A GENISTEIN

1 2 3 4 5 6 78 9
205-t. UNTREATED HERBIMYGIN GENISTEIN

11-f1 2 3 4 5 6
28-

80-.

18-

50-

C305 - - + - - + - - +
Carbacholl - + - - + - - + - C305 - + - + - +

Fig. 2. Effecfts of herbimycin A and genislein on protein tyrosine phosphorylation in J-HtM1-2 2 and Jurkat cells. (a) Cells were stimulated with anti-TOR mAb (lanes 2, 5, 8, and 11), or carbachol (lanes 3, 6, 9, and 12), following incubation in medium alone (lanes 1 -3 and 7 -9), 3 JA herbimycinA Vlanes 4 -6), or 0.4 mM genistein (lanes 10 -12). Whole cell lysales were probed with 4G 10. (b) PLC-yl was immunoprecipitaled from lysatesof J-HMI 2.2 cells stimulated with C305 (lanes 3, 6, and 9), or carbachof (lanes 2, 5, and 8). Cells were pretreated with medium (lanes 1 - 3), herbimycinA (lanes 4 -6), or genislein (lanes 7 - 9). (c) TCRr was immunoprecipitaled from lysates of Jurkat cells stimulated with C305 (lanes 2. 4, and 6),and pre-treated as in (b). 4G10 was detected with [1251]protein A.
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induction of MAP2 kinase activity in in vtro kinase assays of aenistein in solution coincides wýth that of Indo-1 at 220- 440

Nel and A, Weiss, unpublished data). and 450 480 nm. The response of individual ce!s was examined

-lerbimycin A markedly reduced both the basal and TCR- by flow cylometry using the ratio method of measurement of

iulated level of phosphotyrosine-contaning protens, including [Ca 2
q. Pre-treatment with 0.4 mM genisteln had no eflect on

?, but did not substantially inhibit the induction of p42 by the response of indo-I-loaded Jurkat cels stimulated wv:th anti-

bachol (Fig. 2a, lane 6). Because the appearance of p42 CD3 mAb (Fig. 5). We noted increases in basal [Ca 2 ' 1, in some

ncides wt:h activation of PKC in these cells (38,44), herbimycn cells following genistein pre-treatment, as ,well as changes in ce!I

Ioes not appear to inhibit e&ther the PTK or the PLC activated size as assessed by forward scatter. These effects of cenisteln

hlM. We next examined the effects of genistein on in vivo may be attributable to cytocxicty (data not show,'n, and see

)sine phosohorylation in J.HM1-2.2 cells. Gen~sleln at 0.4 mM4, below).
Sdose which had maximal inhibitory effects on acivation of

C and protein synthes-s (see belov,,), had litle detectable effect Gen.ste,:n, but not heroimycn A, ;nhce,"d protein syn/hesss and

the basal or stimulated level of the maiorjty of cellular tyrosine reduced cell viabity in J.HM 1-2.2 ces

osphoproteins (Fig. 2a. lanes 7 - 12). Both genislein (18,45.46) and herblmycin A (16,47), have

Ne next examined the eftects of these inh bitors on tyrosine previously been reported to induce reversib'e cell cycle arrest

osphorylation of two of the known substrates of the TCR- in G/Gj. The finding that genistein inh:,ted the activation of

'ivated PTK pathway, PLC-,1 and TCRr. Tyrosine phosphoryla- PLC by two receptors wih distinct signal transduction

ni of PLCy1 was virtually abolIshed by pre-treatment of the ceIs

h herb:mycin A (F~g. 2b). Genistein also inhibited the tyrosine

osphorylation of PLC-f 1, but to a much lesser extent than did A

rbimycin A. The absolute amount of cellular PLCy,1 was not 120 -1

Juced by treatment with either herbimycin A or genislein (data

I shown). Genistein has previously been shown to inhibit

:reases in the level of tyrosine phosphorylat;on of the TCPR so
response to TCR stimuiation in peripheral T cells (18). We
rried out immunoprecipitation and quart'tative phosphorimager

alysis of 4G10 blots of TCRý. Genistein inhibited the tyrosine

iosphorylation of TCR•" in Jurkat cells by 6-fold. Herbimycin 40

inhibited tyrosine phosphorylation of this component of the TCR
28-fold (Fig. 2c). 0

C,

?rbimycin A, but not genistein, d;,Iferentially inhibits activation 0.03 0.3 3.0

PLC by the TCR and H1,4M1 in J-HMt1-2.2 cells
-- Herbimnycin A (.uM)

anticipated from inhtib:tion of tyrosine phosphorylation of _0
-C-.l, herbimycin A virtually abolished activation of e
rosphoinositide hydrolysis by the TCR. Inhibition of PLC S100
tivation was dose-dependent. Also in accord w th the lack of

iibition of tyrosine phcsphorylation of MAP-2 kinase, activation C- 80
PLC by HM1 was not inhib~ted by herbimycin A (Fig. 3a). In
intrast. genistein -vas a re!atively non-selective inhibitor of PLC o 60
tivation in these cells. In the presence of genistein both TCR- I-
id HM1-medialed activation of PLC were partially inhibited, in

iraltel, by up to 60% (Fig. 3b).

"R- and HM I -rned,"ated increases in [Ca2 I], were d~ferentially 20

ilbited by herbimycin A

.rease in [Ca 2 *], following activation of PLC and the
mneration of IP3 is a multi-step process involving release of 0.04 0.16 0.40

321 from intracellular stores and flux across the plasma

ambrane. Fluorimetry was used to assess the response of Genistein ( mM

-rbimycin A-treated J-HM1-2.2 cells to stimulation with anti-TCR

'%b or carbachol. Pre-treatment of J-HM1-2.2 cells with Fig. 3. Effects of herbimycin A and genistein on phosphornos;tide
hydrolysis in response to anti--icR mAb and carbachol in J-HM 1-2.2 cells.

rbimycin A abolished the increase in [Ca 2 '], in response to J-HM1-2.2 cellswere incubated for 18 hin herbimycin A. at the indicated

, anti-TCR mAb C305 (Fig. ,). Herbimycin A had no effect on concentrations, or medium alone, and washed. Genrstein was added

, response to the muscarinic agonist carbachol. Thus, inhibition 10 min before stimuli and was present throughout the assay. Accumulation

transmembrane signalling by herbimycin A selectively inhibits of water-soluble inositol phosphates was measured over 30 mm in the

presence of LiC12. (a) Effects of herbimycin A and (b) effects of genislein
,R- but not H Ml-mediated regulation of PLC activity. on the responses to mAb C305. 1:1000 dilution of ascites (solid bars)

mnistein did not inhibit increases in [Ca2
*], in response to and to 500 pM carbachol (hatched bars). Each panel is representative

rnulation of the TCR of at least three experiments. The SEM o1 each triplicate measurement

was < 15% in all cases. The results are expressed as the percentage
,e effects of genistein on increases in [Ca 2 " ], could not be of the maximal response to each agonist. obtained in the absence of

amined in the fluorimeter because the fluorescence spectrum the relevant inhibitor.

k. - -
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A T O 100-
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Fig. 5. The effect of cenis:eln on an;,-CD3 mAb-induced increases n
[Ca 2

*], in Jurkat cel!s. Jurkat cells were loaded w,*h indo-1 and
incubated in vehicle alone ( - ) or oen:sle~n ( ---------- ) for 10 mmn at

B HERBIMYCIN A 370C. Cells were then analyzed on the ,ow cy'lometer at 200 cels!rnin
A baseline vwas obtained and the anti-CD3 rnAb G19-4 (5 Pg,'ml) added.

CAREACHOL ]ONCMYCIN The results are expressed as the percentage of cel:s responding with
an increase in [Ca 2 1, > 2 SD over baseline.
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C3ý5

500 Genistein inhib,:ted protein synthesis in human peripheral

lymphocytes and lymphocyte blasts

100 In order to exclude the possibility that genistein behaves as a
non-specific inhibitor of signal transduction in Jurkat-derived cells

7 , because of a cylotoxic effect unique to Jurkat cells, we examined
2 6 10 the effect of genistein on protein synthesis in resting human

peripheral lymphocytes and lectin-activated blasts (Table 1).
TIME (MINUTES) Pre-treatment of adherent cell-depleted human peripheral

mononuclear cells with 0.4 mM genisteln reduced the incorpora-
Fig. 4. The effect of herbimycin A on increases in [Ca 2

*], in response lion of [35S]methionine into total protein by 85%. In blast cells
to anti-TCR mAb and carbachol in J-HM1 -2.2 cells. J-HM11-2.2 cells were derived by stimulation with PHA, protein synthesis was inhibited
incubated tor 18 h in medium alone (A) or 3 1M herbimycin A (B), washed, by genistein by 47%. Genistein thus inhibited protein synthesis
and loaded with indo-1. Changes in indo-1 fluorescence were measured
and [Ca 2 +]J calculated as described in the text. Each panel is in both resting and activated human lymphocytes.
representative of two experiments.

Discussion

mechanisms in the same cell, and that inhibition of both PTK and A number of recent studies have used PTK inhibitors, including
PLC activities by genistein was incomplete, suggested that herbimycin A and genistein, to examine the role of tyrosine
genistein may have cytotoxic effects in T cells. As anticipated, phosphorylation in signal transduction by the TCR and T cell
the growth of J-HMI1-2.2 cells was arrested by both herbimycin activation. Based on the effects of PTK inhibitors on signalling
A, > 0.3 uM, and by genistein, >0.16 IM (data not shown). by the TCR, studies have concluded that a regulatory tyrosine
However, we noted a striking difference in the effects of these phosphorylation is required for activation of PLC by the TCR
reagents on cell viability and protein synthesis. Inclusion of (16,18,19,21). However, two studies have shown that genistein
genistein in cultures of J-HM1-2.2 cells induced dose-dependent incompletely inhibits activation of PLC by the TCR (20,22),
cytotoxicity, as assessed by the ability to exclude trypan blue suggesting that tyrosine phosphorylation may not be essential
(Fig. 6a). The dose of genistein which maximally inhibited PIP 2  for activation of PLC by the TCR. We investigated the possibility
hydrolysis in signal transduction experiments reduced cell viability that these divergent findings were due to differences in the
by 50%. Herbimycin A had no appreciable effect on exclusion specificity of in vitro PTK inhibitors for PTKs in intact T cells.
of trypan blue. The ability to exclude frypan blue is a relatively In order to control for possible effects other than PTK inhibition,
insensitive means of assessing cytotoxicity. We examined the we used the cell line J.HM1-2.2, a derivative of the T cell leukemic
effect of genistein and herbimycin A on protein synthesis by line Jurkat. J.HM1 -2.2 expresses both the TCR and a transfected '-

measuring the incorporation of 135S]methonine into total cellular heterologous receptor, HM1. HM1 is a seven transmembrane-
protein (Fig. 6b). Herbimycin A had no appreciable effect on domain receptor, which is normally expressed in muscle and
protein synthesis. A 10 min pre-incubation with genistein inhibited neuronal cells, but not in hematopoietic cells. Although both the
protein synthesis, in a dose-dependent manner, by up to 80% TCR and HrIv both initiate PI hydrolysis in J.HM1-2.2 cells, they
at 0.4 mM. Inhibition was present at 2 min and was maximal at activate PLC by independent mechanisms, and it is likely that
60 min (data not shown). they activate different isozymes of PLC (48,49). Thus, inhibition

• Z -- .,,* .. .. ,, ..... .", :-
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Fig. 6. The effects of herbimycin A and genistein on viability and on incorporation of [35S]methionine into total protein in J-HM1-2.2 cells. (A) Cets
(106 ml) were incubated overnight (18-24 h) in medium containing the indicated concentration of herbimycin A (il) or genistein (C) and counted.
The results are expressed as the percentage of cel!s vwhich excluded Irypan blue. Each point is the mean of at least two experiments. wth dL;p:icae
determinations made for each experiment. (B) Cells (5 x 106), in duplicate, were incubated for 18 h in herbimycin A (0). at :Jte indcaled
concentrations, or medium atone, then in cysteine/methionine-free medium for 30 min, and [3 5S]meihiorine added. Ge.iisein (C) was added '0
min before 135S)methionine. Incorporation of radiolabelled amino acids was de:ermined at 1 h. Each point is the mean of at least two de',erm:na:io:,s.
Results are expressed as percentage incorporation of 135Smethionine relative to untreated cells.

of signal transduction by both the TCR and HM1 by a putative Table 1. Effects of genistein on incorporati6n of j•nS]methomne
specific PTK inhibitor is evidence that the inhibitor behaves non- into total protein in human peripheral lymphocytes and ac*t>.vted
specifically. The evidence that the TCR and HM1 activate PLC lymphocyte blasts
by independent mechanisms when HM1 is expressed hetero-
logously in Jurkat cells is summarized as follows: HM 1 activates Pro.ein synthes-s
PLC normally in response to carbachol when it is expressed in Cell (0/0 inhibition)
a Jurkat-derived cell line which lacks surface TCR, and also in J.HM1.2
Jurkat-derived signal transduction mutants which fail to activate Peripheral lymphocytes 85
PLC in response to anti-TCR mAb (29). We show that in Lymphocyte blasts 47
J.HM1-2.2 cells, stimulation of the TCR, but not of HM1, induces
tyrosine phosphorylation of PLCyl. Additional evidence for the Results are expressed as percentage inhibition relative to untreiled
independence of these pathways is that the activation of PLC cells (n - 2).

by the TCR, but not by HM1 in Jurkat cells is regulated :jy the
cell surface level of CD45 (17).

HM1 maintains its direct interaction with a G protein in by herbimycin A. Activation of PLC by the TCR was almost
J.HM1-2.2 cells, asthe muscarinic agonist carbachol decreased completely abolished, but HM1 induced responses were
the affinity of HM1 for its ligand. Guanine nucleotides may unaffected. Herbimycin A was not cytotoxic and did not inhibit
modulate signal transduction through the TCR via a cholera toxin- protein synthesis in Jurkat cells, human peripheral lymphocytes,
sensitive G protein(50,51). However, evidence is lacking for direct or activated lymphocyte blasts.
interaction of any component of the TCR with a classical G In contrast, genislein was a relatively non.specific inhibitor of
protein. It is relevant that Abraham et al. have demonstrated that PTK activity in Jurkat cells. Genistein partially inhibited activation
cholera toxin acts as a PTK inhibitor in peripheral T cells, and of PLC by both the TCR and HM1. Genistein was cytotoxic, and
that activation of PLC by the TCR, but not by a non-hydrolyzable inhibited protein synthesis in J.HM1-2.2 cells, in human peripheral
analog of GTP, is sensitive to PTK inhibition by cholera toxin (21). lymphocytes, and in lymphocyte blasts. We conclude that
The PLC iý,zyme which is activated by HM1 has not been herbimycin, but not genistein, is a specific inhibitor of signal
identified. As tyrosine phosphorylation does not appear to be transduction by the TCR.
required, it is unlikely to be PLC-,1. One candidate is PLC,81, Specific inhibition of TCR-mediated activation of PLC by
which is widely expressed, and has been shown in reconstituted herbimycin A supports previous evidence that activation of PLC
membrane systems to be activated by G., a member of a by the TCR is by tyrosine phosphorylation of PLC-yl (7- 9), and
recently-described family of G proteins (48,49,52). further implicates a src family PTK. Herbimycin A binds to the

In J.HM 1-2.2 cells, herbimycin A inhibited signal transduction carboxy-terminus of src-related PTKs via sulfhydryl groups and
through the TCR and was selective sinLq it did not inhibit increases their rate of degradation, reversibly depleting the
activation of PLC by HM 1. TCR-induced tyrosine phosphorylation steady-state level by 90 - 97%, (16,26,27). Several src-related

_-i of a subset of proteins, Including PLC-,1 and TCRr, was inhibiled PTKs, including yes, fyn, and ck, are expressed in T cells
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(reviewed in 53). Both tyn and Ick have been implicated in signal PTKs, specifically inhibits s:gnal tranrsduction bty ite TICR 7tt
transduction by the TCR. Previous studies demonstrate that1 supports the model whereby ligand tbrd~rig to the TCR cirec~'j
herbimycin A treatment of T cells results in decreased recovery or indirectly activates an as yet-uniden~ricd srtc-rc-!aled PTK ,'.t.ch
of fyn and Ick in immunoprecipitates, whereas the activity of the in turn tyrosine phosphorylates and activates PLC-, 1. The in v4ro
scuine-threonine kinase c-ref, and aluminium fluoride-induced PTI< inhibitor genistein is a rcniatvely pfýr inh'tbtor of PTK act".' ¶
activation of PLC, are not reduced (16). Herbimycin A inhibits in intact T cells and has non*-elective e-flects unfrelted to F-i K
TCR-r;: fiated early and late activation events, but does not inhibit inhibition. These findings highlight s~omre of thea potcnrtal ma
increases in IL.2R and IL-2 induced by the combination of Of Studies using inihib~itors to roxamirie the rct of tyro,ýine phro:-
calcium ionophore and phorbol ester (16). This finding confirms phorylation in signal trainsduction, gto,'Ah, arid itcrran
that the PTK inhibited by horbimycin in T cells is proximal to PKC
and likely to be a src family member, cnwedeet

Genistein has previously been shown to inhibit the TCR* cnwedeet
induced tyrosine phosphorylition of TCRI in human peripheral Vile thank Gary Koretzky and James Frat-er for hi:-ul corrnmeri's dý.-.rs
lymphocytes (18). Norton et al. (22) have also show,.n that these stud es, and critical review of the mnanuscr~pt. Th:s wo.k ,'.as

genistein inhibits the appearance of a number of tyrosine, supporded in part ty an mIH grant to A VW M.G, ýs upp,.1Cd byr1:lA
phosphoproteins on stimulation of peripheral T cells with antigen. grant K 11 DK01945-01.

Genistein inhibits production of IL-2 in response to TCR
stimulation; however, genistein also inhibits IL-2 production in Abbreviations
response to the combination of phorbol ester and calcium ICa2 * , intracellular lirc-e calcium
ionophore, stimuli which by-pass the requirement for activation EGFR epidermal grovjh factor receptor
of a PTK by the TCR (18,20). This finding suggests that genistein G prol~e~n guanine nucleotice bind~ng p-ocln

inhibits~~~~~~~~~~~ a, stpi elatvto itlt h ciaino L. H1 human muscarine receptor type 1
inhbit a te inT cll ctvaton istl o te ativtin o PL. [3H)QNB l-quinuclidinyl[phien,'l.4.2 H]be-r.zide

In this study genistein inhibited PLC activation through both 'P3  inositol 1,4.5-Iris-phosphale
the TCR and HM1 but had only a minor effect on the pattern MIAP-2 microtubule associat~ed prVte~n-2
and intensity of phosphotyrosine-containing bands stimulated by PHA phychernaggtulinin
either anti-TCR mAb or carbachol in J.HM01-2.2 cells. Tyrosine PIP2  phosphatidyl~nosilol 4.5bis-phosphate
phosphorylation of PL-y 1, which was virtually abolished by PLC phoroteinpiase C

herbimycin A, was inhibited much less by genistein. In agreement PTK prolein tyrosine kinase
with the findings of Mustelin et al. (18). the level of tyrosine
ohosphorylation of TCRý was decreased by genistein, but was Referne
significantly less than that seen with herbimycin A. In this study eens
and previous studies (54,55). a relatively small proportion of 1 Ashwell, J. and Klausner, R. 1990. Genetic and mutatioinal analys~s
cellular TCRI is tyrosine phosphorylated in response t1o TOR of the T cell antigen receptor. Annu. Rev. lnmrunol. 8:139.

engagement. Quantitalion of TCRj phosphorylation is also 2 Perlmutier, R,. Marth. J.. Zeigter, S., Garvin. A., Pawar. S., Cocke. 1.11
and Abraham, K. 1988. Specialized protein tyrosine prolo-onicogeries

complicated by the appearance of multiple phosphorylated forms in hematopoietic cells. Biochirn. Biophys. Adra 948:245.
with differing mobility on SDS - PAGE. Inhibition by genistein of 3 Veilterte, A., Bookman, M. A., Horak. E. M., and Bolen, J. B. 19S8.
tyrosine phosphorylation of TCRý could be interpreted to show The CD4 and CD8 T cell surface anligens are associated wt*h the

that genistein inhibits a PTK other than that which phosphorylates inlernal medicine tyrosine- protein kinase p56lck. Cell. 55:301,

PLCyl. Alternatively, the enzyme may be the same, but non- 4 Barber, E. K., Dasgupta. J. D.. Schlossman, S. F.. Trevillyan. J. M.,
and Rudd, C. E. 1989. The CD4 and C08 antigens are coup~ed to

competitive inhibition of ATP by genistein may inhibit tyrosine a protein-tyrosine kinase (p56lck) that phosphorylates the CM3
phosphorylation of these substrates differentially (28; and see complex. Proc. Nall Acad. Sci. USA 86:3277.
below). Alternatively, genistein may influence the function of a 5 Cooke, M. P.. Abraham, K. M., Forbush, K. A., and Perimutter, R. M.

phosphatase or other intermediary molecule which is required 1991. Regulation of T cell receptor signaling by a ste family protein-

in the tyrosine phosphorylation of TCRr, but not of PLCy1 - tyrosine kinase (p59"'Y). Cell 65:281.
6Samelson, L. E., Phillips,. A. F., Luong, E. T., and Klausner. R. D

Previous studies have shown that genistein inhibits the in vitro 1990. Association of the lyn protein-tyrosine kinase with the T-cel
P1K activity of the epidermal growth factor receptor (EG FR), and antigen receptor. Proc. Nail Acad. Sci. USA 87.4358.
of src, gag-fes (28), and Ick (20). However, effec~s of genistein 7 Park, 0. J., Rho, H. W., and Rhee, S. G. 199 1. 003 stimulation causes
which may not be related to inhibition of PTK activity include phosphorylation of phospholipase C 1 on serine and tyrosine

residues in a human T cell line. Proc. W~atlAcad. Sci USA 88:5453.
inhibition of serine-threonine kinase activity (56), reversal of 8 Secrist, J. P., Karnitz, L., and Abraham, M. T. 1991. T-cell antigen
transformation by the guanine nucleotide- binding protein ras (45), receptor ligation induces tyrosine phosphorylalion ot phospholipase

p inhibiton of DNA topoisomerase activity (45,46,57,58), and C 1. J. Bilt. Chem. 266:12135.
inhibition of receptor binding of thromboxane A2 analogs (59). 9 W~eiss, A., Koretzky, G., Schatzman, R., and Kad~ecek, T. 1990.
The'specificity of genistein may also vary between tissues Functional activation of the T cell antigen receptor induces tyrosine

phosphorylation of phospholipase C,11. Proc. Nat' Acad. Sci. USA
(56.60 - 64). Akiyama has proposed that !he mechanism of action 88:54 84.
of genislein may be as a non-comprotitive inhibitor of ATP 10 Margolis, B., Hu. P., Katzav. S.. Li, W.. Oiliver, J.. Ullrich, A.. Weiss, A..
hydrolysis (28). This may account for the variability of PTK and Schlessinger, J. 1992. Tyrosine phosphorylation ot the vav proto-
inhibition by genisfein. Inhibition of ATP hydrolysis may also oncogene product containing SH2 domains and transcription factor

explin he ytolxicty f geistin or Tcels i thi stdyand motifs. Nature 356:68.
explin he ytoox~ty f gniseiriforT cllsin hisstuy, nd 1 Banlyash, M., Garcia-Morales, P., Luong, E.. Samelson, L.. E., and

that reported other cell types (56,57). Klausner, R. D. 1988. The T cell antigen receptor r chan is tyrosinG
In summary, herbimyc-In A, which down-regulates src-related phosphorylated upon activation. J. BidI. Chem. 263:18225.
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